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Outline of talk

1. Motivation for understanding hydrodynamic motion in WDM
2. Euler Equations, EOS and Volumetric energy deposition

3. Theory and simulations of planar targets

-- Solid foils

-- Exploration of two-phase regime
Existence of temperature/density “plateau”
Maxwell construction

-- Parameter studies of more realistic targets

-- Foam slabs

-- Droplets and bubbles
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Understanding hydrodynamics is needed to
help determine EOS

One of the goals of WDM research is to determine the Equation of State

(i.e. the generalized relation between Pressure P, Density p and Temperature
T) for materials with high vaporization temperatures. More generally, the
relationship between entropy s, energy density ¢, mean ionization state Z*, as
well P, p and T is desired.

Ideally, instantaneous volumetric energy deposition (with a known energy
deposition rate) and direct measurement of 7 allows a determination of ¢, p,

and 7. However, for instantaneous heating to be obtained hydrodynamic
motion must be negligible.

When hydrodynamic motion is observed, the motion is driven by pressure

gradients, so that the pressure is observed indirectly, in principle yielding
information about the EOS.
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The "Euler equations™ describe fluid motion

. d
Maszs conservation: P = =V (p‘l?)
dt
_ av
Acceleration: pP— = —p Vi - vp
ot
| _ D (First and second laws of
Change of energy per gram: de = Tds = dp thermodynamics)
&
, ds :
Entropy equation: — = —v-'Vs + S cource
| ot
Energy equation d 1 .2 v 1,:2 p
(consequence of E pPEFS PV = = Et -t pv
previous 4 equations) P

+ pPE

source
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The equations may be written in Lagrangian
form

Convective derivative: SRR v
di ot

Mass conservation equation: dp _ -p Vv
di

- Acceleration equation PE = - Vp
di

Adiabatic flow condition: 0% _ p

: l'j + source

In Lagrangian form, the energy conservation equation reads:

d 2 2 :
E(PE-F%FW-) = ‘“v'{m’) - (PE'F;:PV") Vv + pgsource
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To close the equations and connect the pressure to the density
and temperature an equation of state must be specified

Example EOS's:
Perfectgas: p = (Z*+ 1) p kT/(Am,)
e=(2* + 1) KT/ ((y-1)Am,,)
s =(Z*%+ 1) kIn[e"rD/p]/(Am, )
==> p/p, = (p/P,)" tor s = constant

(Here y= ratio of specific heats = 5/3 for monatonic gas, so 1/(y-1) = 3/2)
Van der Waal's fluid:

OkT 5 3kT
p= —ap €= —ap
Amamu (1 - bp) 2Amamu
— 2
s = K In| Am (-bp) where A= f
Am, “ X 27Am,, kT

(a and b are parameters that can be adjusted to match known physicall data such as
vaporization point or critical point).
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Example EOS's continued:

Zeldovich-Raizer model:
p=(Z*+1)p kT/(Am__)
e=3(Z* + 1) KT/ (2Am_, ) + Q(Z*)/(Am)

Z>l<
AZ) = Eli (Calculate Z*
, i=1 :
N, Nt 2. 2(2mm, kT)3/2 I, appr_oxmately by
— = S exp| solving non-linear
N g h kT Saha equation)

Thomas-Fermi model:
Calculates electron pressure and mean ion ionization state
assuming Fermi-Dirac distribution of electrons in self-consistent
electrostatic potential of ion and electrons
QEOS:
Uses Thomas-Fermi model for electron pressure, lattice vibrations
for ions (phonons) in solid phase, semi-empirical fluid for ion liquid
SESAME:
Tabulated EOS based on empirical scaling of experimental results
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Energy deposition must also be specified

Example: ion beam deposition onto foil target (solid metal or foam)

uniformity and

<— lon beam fractional energy loss
can be high if operate
at Bragg peak (Larry
Grisham, PPPL)

Energy @O EEE) SRESI SRS RS
loss rate A Hd
1 dE S sa: 255:553—¢ AdE/dX o AT
72 dx - Example: Neon beam

E. trance=1-0 MeV/amu

DIt o o A AR o
(MeV/mg cmzy,_:ii‘.ff;_,ﬁj'_'j,,' i -,:;:‘-.u- | QS S S Epeak= 0.6 MeV/amu

Al il A WY al i 1 I E.,: = 0.4 MeV/amu
I P -
oot (1L | EXlt foil] 1[I [T (AJE/dX)/(dE/dX) = 0.05
o 0* v vt ' o 1w 0 ' K
E/m  (MeV/amu) (dEdX figure from L.C Northcliffe
and R.F.Schilling, Nuclear Data Tables,
Energy/IOn mass (MeV/amu) A7, 233 1970 ¥
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The hydrodynamics of heated foils can range
from simple through complex

Most idealized Uniform temperature foil, instantaneously heated,
ideal gas equation of state

Uniform temperature foil, instantaneously heated,
realistic equation of state

Foil heated nonuniformly, non-instantaneosly
realistic equation of state

M Foil heated nonuniformly, non-instantaneosly
o realistic equation of state, and microscopic
Most realistic physics of droplets and bubbles resolved

The goal: use the measurable experimental quantities (v(z,7), T(z,t), p(z,t), P(z,t))
to invert the problem: what is the equation of state, if we know the hydro?

In particular, what are the "good" quantities to measure?
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The problem of a heated foil may be found in fluld mechanics
textbooks (e.g. Landau and Lifshitz, Fluid Mechanics or Zeldovich
and Raizer, Physics of shock waves...)

PV _, (continuity)

gt 0z

v v |y

AN (momentum)

p= Kp’ (adiabatic ideal gas)

Similarity solution can be found 1
for simple waves: c/c
0
(2 ( : -1) (c2 = YPIp)
co \y+1)\c,t 11
C =()/_1) < )_I_ 2 : o V/CSO
Cs0 Y+ 1 CsOt v+ 1 ()/=5/3
P ( Cy )2/()/_1) T ( C, )2 V= _—zlcso =—3 L, : - . ShOWﬂ)I
—= ; — = V- -3 -2 -1 0 1 2 3
Po \C I, \cy

2o M pppy
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Simple wave solution good until waves meet at center;
complex wave solution is also found in LL textbook

T (= ¢ t/L)
Wle waves
simple simple
waves waves
Unperturbed
Unperturbed Unperturbed
0 1 2 E(=Z/L)
original foil

Using method of characteristics
LL give boundary between simple and complex waves:

€ = 2 (}/H)Ti_+§ (for T>1)
y-H \y-l1
where  =z/Land T =c t/L
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Similarity solution: snapshots of density and
velocity

Half of hown, 7=
(y = 5/3) (Half of space shown, 7=c /L )
1 t=0 ; t=0.5
0.5} P/Py 0.5 0/0,
0 ok
05} 0.5}
A vic 1} vicy,
1.5} 1.5}
-2 a2t
2.5} 2.5}
% 4 3 2 A0 1 5 4 -3 2 1 0 1
ZiL ZiL

1 =1 1

0.6} p/po 0.5}

0} 0
0.5} 0.5

1t gt
1.5 vicy 1.5
-2 -2
2.5 2.5
5 4 -3 2 4 0 1 5 4 -3 2 1 0 1
ZiL ZiL
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Time evolution of central 7, p, and ¢, for y
between 5/3 and 15/13

0.8;

] ' 0.6}
T/T,
0.4}

0.2} ] 0.2;

T=C, t/L



Similarity solution may be found for more
complicated EOS. Solution is reduced to ODE"23,

ov oV | %)
I + PV =( continuity Dy T 2 momentum
let P=v+/] and M =v-I] where I(p)= S([,))d‘
J
and where c¢,’(p) = r
ap|,
The continuity and momentum equation can be transformed to:
M
£+(V+C)§P 0 %+(V c)a =0
ot 0z ot 0z

There is no natural time or space scale to the problem. This suggests
trying a similarity variable. Let &=z/(c )
Then the partial derivatives P _ , @ _5 _p @S and PP _p (5)5

Jz

ar
The equations for P and M then become

(v+c,-&c,)P'(§)=0 and (v-c,—&c,, )M'(§)=0

1. Zelodovich and Raizer, "Physics of High Temperature Hydodynamics Phenomena," (1962) 2. Anisimov,
S.1. et al, Applied Physics A 69, 617 - 620 (1999) 3. R. More, T. Kato, H.Yoneda, NIFS Report (2005)




Similarity solution -- continued

The solutions are then trivial:
v==E&,-c;cand M(5) =0 or v=&,+c,and P(5) =0

Consider the conditions at t near 0. c, =0 when v > 0and & > 0 (doesn't help choose)
Expected p,C v =0 when C, > 0 and & < 0 (rules out 1st solution)
solutions 4 /

(schematic): =v =&c,+ c,and P(&) = 0 for

this configuration

0 z(x &)
P(§) =0 = P(§) = constant orv = -I(p) + constant. Since v=0 when p=p,,
the constant = 0.

So the full solution is:
Ec,=-1(p) - c(p) implicitly gives p as a function of the coordinate & =z/(c )
v =-I(p) and c(p) are then also implictly functions of &

0’) |
The trick is to be able to calculate csz(p) = a—p and I(p)= f " Md/o'

Po p’

S

For a perfect gas: ¢, (p) =yp—P°(p£) and the integral for /(p) may be carried out.

messssssssmm  The Heavy lon Fusion Virtual National Laboratory  m r,irﬁ\ﬂ ‘ !.I %1"""[



For a van der Waals EOS, the sound speed can become imaginary,
so Maxwell (equilibrium) construction is used instead

' :T <T<T <T<T

.0 instabilty
e — INn 1]
Vv stability
Maxwell construction
replaces unstable region
on isotherm curve
with constant pressure
N 2-phase region where
\., /Isotherms |iquid and vapor coexist
| The liquid/gas border is determlned
by demanding p, = p, and f (p-p,)dvV =0
_ S The latter condition is equivalent to
e -Volume V oc—1/p e the liquid and gas having the same
Gibbs Free Energy G =TS - ¢ - pV

Pressure
P

(Figures from F. Reif, "Fundamentals of statistical and thermal physics") O
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LoglkT (eV)]

With Maxwell construction, sound speed is real,

and I(p) integral may be carried out
Mass fraction of gas (x,) and liquid (x):

20 L L ]
: P—>0 ; x,=p, V,/(pV) x,=p,V,/(pV)
1.5:— peAmamu/b E Vg + Vl =V ngg + prl = pV
P—pkT/Am .. PZ(T) p-p,(T)
1.0[ J = x,(p,T) =
j i ] p \p(T)- P, (T)
o5l '”barsw I and x,(0D)=1-x(pT)
N s(p,T) = x,(p,T)s(p,(T),T) + x,(p.T)s(p,(T),T)

On isentrope s(p,T) = initial entropy s,so:

Cses(o pMp D)
ol | 5 D= e TR Dp @ e, @)
-20 -15 -1.0 -0.5 0.0 0.5 1.0
Log[rho (g/ecm3)] p(T) = p(p,(T),T) = p(pg(T)’T)
‘ dp(T)
oP(s,p) dT
So * = -
“ T o0 | dp(D)
dT
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p (J/cm3)

Similarity solution results with Van der Waal's

EOS (with Maxwell construction)

Recall:
gcsoz -I(p) - Cs(p)

I(p) = f:o %dpv

The discontinuity

in ¢ leads to a
discontinuity in

| € in the solution for
| p, v, and kT, which
are continuous

At a fixed time,
this translates
into "plateau's"

in these quantities

ksi= zdtsOtL

2.0F . — ——
i 2.0/
1
1
1.5} 15| P VS 5
§
i :;"1.07
1.0+ =
— 0.5
- 1
Q [
: 0.5+ 4 0.0L. ‘ . . . _ M
—3 s\ 1 0.0 0.2 0.4 0.6 0.8 1.0
- ' 5 H ksi = z/(cs0 t)
3 | Starting
¢ point — '
) [ 1 150000} V VS 5 ]
‘\\ ~"~~ ‘»"ﬂ?N H
h . “":;9’# ¥ & 100000}
\.._"h_—"_;;’f 3
-1.0f, T , , . 13
-20 -15 -10 -05 00 05 1.0 s0000]
Log[rho (g/ecm3)]
0, ) . . . . |
0.0 0.2 0.4 0.6 0.8 1.0
40000 i ksi = z/(csOt)
Discontinuity ' '
30000+ u - 0.60f
in oP kT vs &
07— 0.55}
20000} (Y
s S 0.50F
2
10000} £ 0.45;
0.40} 1
0L r r r r
0.0 0.5 1.0 1.5 2.0 0.35¢ \
rho (g/cm3) 0.30L. ) ) ) ) o\
0.0 0.2 0.4 0.6 0.8 1.0



R. More's code DISH shows these plateaus
when plotted as function of z and ¢

denzity vs, = and t

" Tesk top/ DISH/HYAZD" using 11233 temperature vs z and t
" ¢lesktop/IISHAHYdZD" using 1:2:4 ——

2.5:5

rha (g/tw3if

p(g/c

KT (eb)g 9 ||I|H““]1WH

KT | I HHH
i |||||||

il ‘

velocity ws, z and &

" Mesktop/TISH HYd3D" using 1:2:5 ——

0 0

=20000

i (foil expanding to
ﬂ'ﬂ.‘a.*a:‘."i:l:""' W left in this simulation,
viem/s)e ||.'|.?l'-".'.';'l-':u."é:r-*fa,- . | so velocities <0,
and edge initially
at -10 um).

=120000
=140000
1E0000

'1 .895 :18




Simulation codes needed to go beyond
similarity solution results

Some examples used in this lecture:
DPC: 1D
EOS based on tabulated energy levels, Saha equation, melt point,
latent heat
Tailored to Warm Dense Matter regime
Maxwell construction
Ref: R. More, H. Yoneda and H. Morikami, JQSRT 99, 409 (2006).
DISH: 1D, perfect gas or Van der Waals EOS
Ref: R. More, DISH User Manual
HYDRA: 1,2,0r3D
EOS based on:
QEOS: Thomas-Fermi average atom e-, Cowan model ions
and Non-maxwell construction
LEOS: numerical tables from SESAME
Maxwell or non-maxwell construction options
Ref: M. M. Marinak, G. D. Kerbel, N. A. Gentile, O. Jones, D.
Munro, S. Pollaine, T. R. Dittrich, and S. W. Haan, Phys.
Plasmas 8, 2275 (2001).
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Plateaus persist in more realistic EOS based on
Saha equation, using maxwell construction

Expansion into 2-phase region leads to p-T plateaus with sharp edges?-2

------------------------- Initial distribution Exact analytic hydro (using numerical EOS)
DPC code results: - ++++++++ Numerical hydro
8 . Planar expansion into 2-phase region 1 2 Planar expansion into 2-phase region
T T 2 : .
7k N S B S —— ‘ Temperature
R 6 |- T°=5°Vm ++ BT~ S L p—— ’ 4/,.4——' '
sl F S AR i S e ] P — — S S -
E) / 3)§ P EE— ] T0=1 OV e ] T g To= 1V
g cm g i ' - B ..L ev E 0‘6 .................................
S ~Density | ( )f‘
1 . -
\__j i | 0.2 ;
0 0-3 2.5 -2 15 - A -0.5 0 0 0 i i i 1
-3 Position (microns) at t = 0.5 nsec -33 -25 -2 -15 -1 0.5, 00
' z - Péslﬂon microns) at t = 0.5 nsec
(W | z(w)

Example shown here is initialized at T=0.5 or 1.0 eV and shown
at 0.5 ns after “heating.”

More, Kato, Yoneda, NIFS Report (2005). 2Sokolowski-Tinten et al, PRL 81, (1998)
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HYDRA simulations show both similarities to and differences with
More, Kato, Yoneda simulation of 0.5 and 1.0 eV Sn at 0.5 ns

(oscillations at phase transition at 1 eV are physical/numerical problems, triggered by the different
EOS physics of mgt;er in the j;yyo mase regime)

DensiiM
Ty=0.5eV
Density _Cy lc I( . S D(L[)(ll t’) I(] (lﬁl?f‘-‘(l‘ﬁ“"“
oscillation Densﬂy
likely caused
by dP/dp
instabilities, 7
(bubbles and T.=1eV f
droplets : 0 '
formin ? lr—:n? 'u
g) ;J_/I—’IQT/TJ\dIl\!JII\!JII\!JII\!JII\’

0 15
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03 1 15
E4 E4

| I T Y R R R N e |
0 f T
15 05

heavyion Time = 5.02607¢-04
Cycle = 199 Dtc:0(4.1.29) = 1.09719-06
[ I I S LI L L I I I L RS R R R R

T,=0.5eV
/

Temperat/urV

heavyion Time = 5.00188¢e-04
Cycle = 162 Dtc:0(1.1.26) = 1.02087e-06
S I I I R L I R I L I I I L I I R I A

T

To=1eV

P P I I Y P P P P R e |
I t t
15 1 <05

IIlIIJ\IIIJ\II
05 15

o ' i B4 E4

-3.200e-04 2000204 0.000e+00 9.941e-04

I P I P I I O O T
t t
0s 1 15

Propagation
distance of
sharp interface
isin
approximate
agreement

Uses QEOS
with no
Maxwell
construction
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Maxwell construction reduces instability In
numerical calculations

15 |F Den3ity VS. Z E s - Density VS. Z :
o [ at3ns | £ - at3ns ;
(g/em?), (g/em?)
0 l;"':*illﬂ[l i ng'l':'i" ﬂ %
Orden vs. z Z (M) -l_[m['lc:r?_]?ﬁﬁc-iﬁ U.UQ[‘-—['I['I l.'."%?ﬂ'l['l O den vs. 2 Z (M) -1.523e I:zp?] <03 {J{glr--ﬂ['l ‘-%pir]
1 F E T -
“' © LEOS without Maxwell const 1 - LEOS with Maxwell const
T - Temperature vs. z ;"¢ Temperature vs. z
(eV) T at3ns ; Tos 3 at3 ns

- -3 ] -2 0 2 - -8
0 trnat vs. 2 Z (“’) -1 .(0E0e- tzgﬁm 03 HQJE 06 ‘izgiri 0 tmat vs. 2 Z (“’) -1 523 r210i] 03 It)Qr ] WZDM
All four plots: HYDRA, 3.5 p foil, 1 ns, 11 kJ/g deposition in Al targ /1\
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Parametric studies

Case study: possible option for NDCX Il
2.8 MeV Lithium* beam
Deposition 20 kJ/g
1 ns pulse length
3.5 micron solid Aluminum target

Varied: foil thickness
finite pulse duration
beam intensity
EOS/code

Purpose: gain insight into future experiments
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Paak nreccira (AMhae

deposition

Variations in foil thickness and energy

DPC results

Compare 3 foils (2.5, 3.5 and 4.5 microns)

m

| I
Peak pressure in i‘oﬂ 'I I |

1insec ion pulse !

results using

o
w

N
ul

—_
= =
g ©
= 45 micrn foll - = —e—3.5 micron
: i i : o
e 5 O s _—" —#—2.5 micron
= A / 2.0 micron
@ = v 1.0 micron
01 ; a ./
o @
(2 T | E 05
. 0 T T T T T T
G 1 | 1 1 1 | |
0 5 10 15 20 25 30 35 40 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Deposition (kJ/g) Deposition (kJ/g)
Compare 3 folls (2.5, 3.5 and 4.5 microns)
; ol m— T 4. .l T .- ¥ "‘; p
[ . Peak femperature : N
;’ 5l | 1nsec ion pulse 94 8 /
s Giell e N SN S D 2SN F— ] P
P a | (]
-5 | 4.5 micron foil --> =4 //t
=T S A I I N7 <o S = P = ——3.5 micron
© ieron foil | - .
g < 2.5 migron foil | © / 2.5 micron
o : | i dh) / 2.0 micron
g_ S [ — frarsnsnmcnmsansaf sesessesmenans SRS S A S i o .8 1 F 1.0 micron
E .6
Id_, -5 P R I S i . . Id_, 4
i » 2
: : i | i R.More DPC code 0
0 —L | : : '- i I 0.00 5 60 10‘00 15‘00 20‘00 25‘00 30‘00 35.00
0 10 16 20 25 a0 35 40 ' ' ' ' ' ' ' '

Deposition (kJ/g)

Deposition (kJ/g)




Expansion velocity is closely correlated with
energy deposition but also depends on EOS

—&— 3.5 micron
2.5 micron
2.0 micron
1.0 micron

> 2.5 -
el
'S DPC results ‘ .
8 Compare 3 foils (2.5, 3.5 and 4.5 microns) HYDRA reSUIts USIng QEOS
© 20+06 [ | | . [ . . 2
S : ; : : : f -
c 3
9 |.6e+06 §, 1.5 —£ /
() o /
Q i <
¢ 500000 i T 0.5
& 1/
S : =_ R. fiu'lcrre DFE‘C cods
0 i i i i i 0 | | | |
\ 0 § 1 15 20 25 30 & 40 0.00 10.00 20.00 30.00 40.00
Deposition (kJ/g) | Deposition (kJ/g)
Returning to model found in text books:
2
C -2c 4y
_ ) $0 _ 1/2
€y = . V= —_—> V= 1 &
y(y -1 y -1 y—

In instanteneous heating/perfect gas model outward expansion velocity

depends only on ¢,and y




Pulse duration scaling shows similar trends

DPC results

Compare foil irradiation (0.5, 1.0, 2. nsec pulse)

g
)

—_
S
©
[11]
b R R e
N
O st o
S
=
3 SR B Pa——
2 B T e e St E
m i
°o 5 10 15 20 25 30 as 40

Deposited Energy (kJgram)

Compare foil irradiation (0.5, 1.0, 2. nsec pulse)
2e+06 T T T T T T T

an

o

+

Q

@
]

1@+06 f=eeeiriinnns .............. [ . , ........... , ............... ,{ ............. .

... 85, micron foil thickness____|

;00000 |- ¥ ; i i
i R. More DPCicode |
ol 1

0 5 10 15 20 25 30 35 40

Expansion speed (cm/s)

Energy deposited (kJ/g)

HYDRA results using QEOS

()}
I

ul

[}

—_

o

Pressure (MBar)

ansion speed (cm/us)

——0.5ns
—m—1ns
/ P 2ns
.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
Energy Deposited (k/g)
8 1
6 P
4 =
: /
1 ——0.5ns
. / —m—1ns
. 2ns
6 ’/
4
2 /
0 T T T T T T T 1
Q. 0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

& Energy deposited (kJ/g)
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Metalic foams are being considered for WDM
targets. HYDRA simulations confirm uniformity.

' time (ns)
0 5.5108
.: 4. E437
—  9.986S
0'7 — 3.3%44
t 2.6622 @\f
1.0 z. 0000
- 1.3379
[ 2. 6757
12 P.D136
Max: D.005311
Mih:  1.3562-05
2.0
5. 9296
3.44072
- 2.9507
- Z.4E13
29 l: 1.9718
1.4825 ev
-  B.9929

.: B. 5054
0.0138

(simulations for 0.3 uC, 20 MeV Ne beam -- possible NDCX Il / IB HEDPX parameters).




We simulate foams as multiple layers (solid
density interspersed with low density voids)

Time = 0.00000e+00 Time = 4.00417e-04 Time = 5.50662¢-04 1 Time = 1.001 lﬂc-ﬂ(]iﬂ
Dtc:0(1.1.206) = 1.20000e-(08 Dte:0(1.1.11)=8.80717e-0 Dic:0(1.1.118) = 2.22666e-07 928 Dtc:0(1,1,118) = 3.6360
L e e L B NLJLJLUS U e e Y LN B IR IR AL B LN RN BERAN RN RS RASRS RARRE RRRR R R
t=0.0'ns t=0.4 ns t =0.55 ns t=1.0 ns
hnnnnnnthon
N an A W
||!1'—|1+|1'—|‘!'—||||||||I||||||‘||||||||||!L |||||||| I'......‘J..n...!. |""""|
0 ! 2 1 0 I 2 I I 2 '
E4 E-4 E-4 4 E-4 E-4
0000e+00 1250204 0.000e+00 2 4341206 1296204 0.000e+00 1 -6.813e-05 2056204 0000e+00 1 298e+00

density vs position
average density = 0.33 solid density

Studies being carried out using HYDRA and DPC/DISH (R. More).
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Using DPC with Saha-based EOS or DISH with van der
Waals EOS, qualitatively similar results are obtained
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Simulations using 1D code DISH using van der Waals EOS
have been exploring systematic trends of heated 1D foams

DISH (written by R. More) is a "Deeply Simplified Hydrodynamics" code.

Expansion Velocity vs Initial Density, 0.075ns pulse Expansion Velocity vs Density, 1.5ns pulse
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Formation of droplets during expansion of foil
iIs being investigated using a kinetic code

Example of evolution of foilinpand T
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(Ref: J. Armijo, master's internship report, ENS, Paris, 2006; Armijo et al APS DDP 2006, and in prep.)
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Kinetic equations: 4 variables, 4 equations

0 V| =volume of gas + N,, T,=number of particles, temperature
liquid d of liquid drop;
1quid drop = number of particles,

temperature of gas

1) (N, + Ny) =0
mass conservation a = thermalization coefficient;
2) le _ 5(—(1%049 + Do) S p = sticking coefficient;

vaporization condensation

3) d(El—l—Eg)——P dVv

g dt N
Energy conservatlon prescribed volume expansion
4 dE T,
) 4B = (- (chz ANgas fl:l__:)q)vap—I_"(... g—ang [ @cona)+(1=0)a®ondcy(Tg—
)]Sl et : ---------- | .
vaporization ~ condensation thermalization by non-

Energy of sticking particles

: - Energy of
evaporating particle

condensing particle | from Armijo and Barnard, 2007, in prep.
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Characteristic size of a droplet in a diverging flow

a 1 66 Expansion of aluminum foil (Reference case)
g - 7)) Locally, dv/dx
E‘ ] - ' — =Hc Oll;ls): f Steady-state
E " oo
=2 — — —
-1 96_400 -30 I 30 440

Position (u)
Equilibrium between disruptive dynamic pressure and restoring surface

tension: Weber number We= inertial/surface ~ (p v2 A )lo x ~ p (dv/dx)? x4 /o x
~1

— Characteristic size :

— Estimate : x~ 0.05 um

X = (o/ p (dv/dx)?)1/3

Ref: J. Armijo, master's internship report, ENS, Paris, 2006, and
J. Armijo and J.J. Barnard (in preparation).



Conclusion

Hydrodynamic simulations allow predictions for WDM experiments
to anticipate experimental results

Useful insight is being obtained from:

The similarity solution found in textbooks for
ideal gas equation of state and initially uniform temperature,

More realistic equations of state (including phase transition
from liquid, to two-phase regime)

Inclusion of finite pulse duration and non-uniform energy
deposition

Comparisons of simulations with and without Maxwell-
construction of the EOS

Work has begun on understanding the role of droplets and bubbles in

the target hydrodynamics and the physics of metallic foams
I The Heavy lon Fusion Virtual National Laboratory I, = I- 1PPP|.
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